Objective: Genome-wide scans were conducted in search for genetic locations linked to energy expenditure and substrate oxidation in children. Design: Pedigreed data of 1030 Hispanic children and adolescents were from the Viva La Familia Study which was designed to investigate genetic and environmental risk factors for the development of obesity in Hispanic families. A respiratory calorimeter was used to measure 24-h total energy expenditure (TEE), basal metabolic rate (BMR), sleep metabolic rate (SMR), 24-h respiratory quotient (24RQ), basal metabolic respiratory quotient (BMRQ) and sleep respiratory quotient (SRQ). Protein, fat and carbohydrate oxidation (PROOX, FATOX and CHOOX, respectively) were also estimated. All participants were genotyped for 384 single tandem repeat markers spaced an average of 10 cM apart. Computer program SOLAR was used to perform the genetic linkage analyses. Results: Significant linkage for TEE was detected on chromosome 1 near marker D1S2841, with a logarithm of the odds (LOD) score of 4.0. SMR, BMRQ and PROOX were associated with loci on chromosome 18, 17 and 9, respectively, with LOD scores of 4.88, 3.17 and 4.55, respectively. A genome-wide scan of SMR per kg fat-free mass (SpFFM) peaked in the same region as SMR on chromosome 18 (LOD, 5.24). Suggestive linkage was observed for CHOOX and FATOX. Several candidate genes were found in the above chromosomal regions including leptin receptor (LEPR). Conclusion: Regions on chromosomes 1, 9, 17 and 18 harbor genes affecting variation in energy expenditure and substrate oxidation in Hispanic children and adolescents.
Introduction
Childhood obesity in the United States has increased dramatically in the past two decades, especially among Hispanic children. In 2003-2004, the prevalence of overweight, defined as X95th body mass index (BMI) percentile, was 19 .2% in Mexican-American children. 1 The epidemic of childhood obesity is attributed to an interaction between a genetic predisposition and an environment of readily available food and sedentary lifestyle. Weight gain in adults has been associated with a low resting metabolic rate 2 and a low ratio of fat (FATOX) to carbohydrate oxidation (CHOOX). 3 A familial aggregation was demonstrated for metabolic rate 4 and respiratory quotient (RQ), an indicator of CHOOX to FATOX. 5 Twin studies 6, 7 suggested a genetic influence on resting metabolic rate. A linkage study in Pima Indians detected quantitative trait loci (QTLs) on chromosome 1p31 and 20q11.2 influencing 24-h respiratory quotient (24RQ). 8 The genetic architecture of childhood obesity is incompletely understood. Although a few pediatric studies have reported the heritability of fat mass (FM), 9, 10 few have investigated the heritability and QTL effect of the mediators of childhood obesity such as metabolic rate and nutrient oxidation. We have reported the heritabilities for body size and composition, diet, physical activity and metabolic risk factors for children and adolescents enrolled in the Viva La Familia Study which was designed to investigate genetic and environmental factors underlying childhood obesity in the Hispanic population. 11 Here, we present genome-wide screening results for energy expenditure and substrate utilization for the Viva La Familia Study.
Methods

Subjects
The Viva La Familia Study cohort included a total of 1030 children and adolescents, and 631 parents. A proband, 4-19 years of age, was ascertained based on dual criteria of X95th percentile for BMI and X85th percentile for FM. [12] [13] [14] Most of the parents were from Mexico (71%) and the remainder were from Central America (11%), South America (3%) and the US (15% Anthropometry and sexual maturation Body weight was measured to the nearest 0.1 kg with a digital balance. Height was measured to the nearest 1 mm with a stadiometer. Dual-energy X-ray absorptiometry (DXA) was used to estimate body composition with a Hologic Delphi-A whole-body scanner (DXA, Delphi-A, Hologic Inc., Waltham, MA, USA). FM, fat-free mass (FFM) and percent FM were obtained using the manufacturer's software. Tanner stages of sexual maturation based on pubic hair, and breast and penis development illustrated with drawings were by self-report.
Energy expenditure
We used 24-h room respiration calorimetry to make measurements of energy expenditure and substrate oxidation. The room respiration calorimeter was described in detail previously. 15 The consumption of oxygen and produc- The separate PCR reactions of each individual were pooled using the Robbins Hydra-384 microdispenser, a labeled size standard was added and the pooled PCR products were loaded onto an ABI PRISM 3100 Genetic Analyzer for laserbased automated genotyping. Genotypes were scored using the Genotyper software package (Applied Biosystems). Pedigree errors were detected using pedigree relationship statistical tests, 18 and if found, changes were made to the pedigree structure that required the fewest assumptions and that were consistent with the genetic data. Mendelian inconsistencies and spurious double recombinants were detected using SIMWALK2. 19, 20 If these problems could not be resolved by the laboratory, the genotypes were blanked. Multipoint identical-by-descent (IBD) matrices were calculated using LOKI. 21 The sex-averaged chromosomal maps utilized in these computations were from the Marshfield Center for Medical Genetics and DeCode.
Statistical analyses
To determine the heritability and QTLs effects of the traits, a maximum likelihood-based variance decomposition approach was used. 22 This method has been implemented in the computer program SOLAR (Southwest Foundation for Biomedical Research, San Antonio, TX, USA). The total phenotypic variance is partitioned into additive genetic and environmental effects. Heritability represents the proportion of additive genetic effect on a phenotype. The phenotypic variance in a genome-wide scan is decomposed further into additive genetic effect, specific QTL effect and random environmental effect. If a polymorphic marker (which segregates with a specific QTL) is associated with a trait,
The Viva La Familia Study G Cai et al then the phenotypic variance is a function of the IBD relationship. The estimation of the QTL effect is achieved by comparing a model in which the QTL effect is determined by the maximum likelihood method with a null model with the QTL effect constrained to zero. Twice the log likelihood ratio statistic is asymptotically distributed as a w 2 with one degree of freedom. 23 Logarithm of the odds (LOD) score is estimated by the log10 of the likelihood ratio statistic. A LOD score of 3 is considered significant which corresponds to a genomewide P-value of 0.05. Bivariate genetic analysis partitions the phenotypic correlation (rp) between two traits into genetic (rG) and environmental (rE) components:
Where, h 1 2 and h 2 2 are heritabilities of trait 1 and trait 2, respectively. The bivariate phenotype is modeled as a linear function of the individual's phenotypic values, the population means, the additive genetic and environmental effects. 24 A model in which all the parameters are estimated is compared with a null model where the genetic correlation is constrained to zero. Pleiotropy, a common set of genes influencing more than one trait, is indicated by a significant genetic correlation. Bivariate genome-wide scan is an extension of the univariate genome-wide scan to explore a specific QTL effect on two traits. A routine ascertainment correction conditioned on the trait value of the proband is performed in SOLAR to obtain unbiased parameter estimates in the variance components model. All the traits were transformed into a normal distribution before entering the genetic analyses with kurtosis o1 to avoid inflating type 1 error. Age, age 2 , sex and their interactions were used as covariates and simultaneously estimated in these models. Tanner stage was also incorporated as a covariate into the analyses; however, it was insignificant because age, sex, age 2 and their interactions captured its influence on the traits. FM and FFM were added as covariates in the analyses of TEE, BMR and sleep metabolic rate (SMR). Energy balance and percent FM were added as covariates in the analyses of RQs and oxidation variables.
Results
The descriptive characteristics of the boys and girls in the Viva La Familia cohort are presented in Table 1 . Rates of energy expenditure and RQ for 24 h, BMR and SMR, as well as the computed rates of 24-h PROOX, CHOOX and FATOX are shown in Table 2 . All the traits were heritable with heritabilities ranging from 0.37 to 0.99. High heritabilities of more than 0.9 were observed for the RQs, attributable to standardized food intake and composition, controlled environment and low random measurement errors within the calorimeter.
Body weight, FFM, FM and percent FM showed positive genetic correlations with TEE, BMR and SMR (Po0.004) (Table 3) . However, no significant genetic correlations were detected between anthropometric or body composition measures and TEE RQ (24RQ) or basal metabolic respiratory quotient (BMRQ; P40.05). Sleep respiratory quotient (SRQ) Table 4 . Bivariate genome-wide scans did not improve LOD scores or reveal other QTLs, and therefore are not presented. Linkage signals for TEE were detected on chromosome 1 near marker D1S2841 with a LOD of 4.0, on chromosome 2 near marker D2S325 (LOD, 1.4) and on chromosome 18 near marker D18S53 (LOD, 1.9). Adjusting TEE for FM and FFM as covariates, the LOD score at the chromosome 1 location decreased to 2.4 ( Figure 1) . A maximum LOD score of 3.36 was observed for TEE, adjusted for FM and FFM, on chromosome 18 near marker D18S53. BMRQ was mapped to chromosome 17 (LOD, 3.17). After adjusting for percent FM and energy balance, BMRQ and PROOX were associated with loci on chromosomes 17 and 9, with LOD scores of 2.41 and 4.55, respectively.
The univariate linkage analysis of SMR adjusted for FM and FFM showed a LOD score of 4.88 on chromosome 18 between markers D18S452 and D18S464. We also calculated the SMR per kg FFM (SpFFM). The genome-wide scan of 
Discussion
Our genome scans detected significant linkage on chromosomes 1, 18, 17 and 9 for TEE, SMR, BMRQ and PROOX, respectively, supporting the notion that different chromosomal regions contribute to different aspects of energy metabolism. Significant genetic correlations were detected between body composition parameters and energy expenditure, implicating a gene or set of genes influencing both phenotypes. Since we incorporated FM, FFM or percent FM into the analyses, these QTLs identify chromosomal locations contributing to energy expenditure or substrate oxidation, independent of body composition. To our knowledge, only two genome-wide scans have been published on rates of energy expenditure and substrate utilization. In Pima Indians, 24-h TEE was mapped to 11q23-24 while RQ was mapped to 1p31-21 and 20q11.2. 8 Our study in Hispanic children replicated the signal for TEE on chromosome 1, but not on chromosomes 11 and 20. A genome scan among Nigerians detected linkage for resting energy expenditure on chromosome 16. 25 Most likely there are common genes contributing to energy metabolism in both adults and children and a unique set of genes influencing energy metabolism in different stages of human development. Because any genome-wide study has its limitations in detection power, the most influential genes may be detected in a given cohort. Since there are only two other genome-wide scans for energy expenditure and substrate utilization in Pima Indian and Nigerian adults, any conclusions regarding age-or ethnic-specific differences in linkage findings will require further study. Several candidate gene association studies have been conducted on metabolic rate phenotypes in different populations. In the Quebec Family Study, the sodium potassium adenosine triphosphatase-a2 gene was related to RQ, but not resting metabolic rate. 26, 27 Strong evidence was reported between resting metabolic rate and markers encompassing the uncoupling protein (UCP2) gene. 28 Polymorphisms in the fatty acid synthase (FAS) gene were shown to be associated with substrate oxidation rates in nondiabetic Pima Indians. 29 No significant linkages were found between traits of resting metabolic rate, 24-h TEE, and 24-h RQ and the diabetes (DB), obesity (OB), tubby (TUB) and yellow agouti (ASP) 30 genes.
Underneath the significant signals in our study there are several candidate genes. Leptin receptor (LEPR) is a strong candidate on 1p31. Leptin regulates body weight through reducing food intake and stimulating energy expenditure. Polymorphisms in the LEPR gene may contribute to weight gain in young Dutch, 31 resting metabolic rate and substrate oxidation during low-intensity exercise in Canadians, 32 obesity in a Mediterranean 33 and Brazilian populations, 34 and 24-h TEE in Pima Indians. 35 Our signal on chromosome 9 for PROOX duplicates previous genetic findings related to obesity. Suggestive evidence of multipoint linkage was reported on 9q22.1 related to abdominal fat assessed by computed tomography. 36 Dichotomous BMI (430) mapped to the nearby region with LODs 42. [37] [38] [39] Promising linkage was detected for metabolic syndrome phenotypes on 1p34.1 and suggestive linkage was found on 9q21.1 in blacks. 40 A positional Chromosome 18   D18S59  D18S63  D18S452  D18S464  D18S53  D18S478  D18S1102  D18S474  D18S64  D18S68  D18S61  D18S1161 D9S288  D9S286  D9S285  D9S157  D9S171  D9S161  D9S1817  D9S273  D9S175  D9S167  D9S283  D9S287  D9S1690  D9S1677  D9S1776  D9S1682  D9S290  D9S164 The Viva La Familia Study G Cai et al candidate gene on chromosome 9 is fructose-1,6-bisphosphatase 2 (FBP2) which is involved in glucose and lipid metabolism. The linkage signal near marker D17S799 on chromosome 17 was replicated by a combined analysis of genome scans for BMI using the interim results from the National Heart, Lung and Blood Institute Family Blood Pressure Program with 6849 individuals from four ethnic groups (white, black, Mexican American and Asian). 41 Suggestive linkage signals in this region were also found for BMI in childhood, 42 acylation-stimulating protein in Mexican
American adults, 43 adiponectin in Northern Europeans and leptin. 44 Possible candidate genes on chromosome 17 near marker D17S799 are peptide YY-2 (PYY2), pancreatic polypeptide-2 (PPY2) and aldolase C (ALDC, fructosebisphosphate). 45, 46 On chromosome 18p, we did not find any known candidate genes for energy metabolism. However, we replicated a previous linkage signal for BMI on 18p11 in the subjects living in the Pacific Island of Kosrae. 47 The same locus was also reported to be linked to type 2 diabetes mellitus 48, 49 and percent FM in men. 50 Kraja et al.
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conducted genome-wide linkage analysis on metabolic risk factors. A significant QTL for obesity and insulin with a LOD score of 3.94 was located on chromosome 18p11.21 in African-American adults. Our genome scans detected several significant QTLs for energy expenditure and substrate utilization implicating genes in several chromosomal regions that contribute to different aspects of the energy metabolism. Multiple linkage peaks also suggest that trans-regulation in addition to cis-regulation potentially may be involved in energy metabolism. Cis-regulation influences transcription initiation, transcription rate and/or transcript stability in an allele-specific manner, whereas trans-regulation changes the expression or activity of factors that interact with cis-regulatory sequences. Beneath our identified peaks, there are numerous positional candidate genes as well as genes with no known biological function related to energy metabolism. Given the advances in dense SNP typing and sequencing technology, it will be feasible to prioritize genes and to identify the causal genetic variants contributing to the variation in energy metabolism in these Hispanic children and adolescents.
In summary, we performed genome-wide scans on the phenotypes of energy expenditure and substrate oxidation in Hispanic children and adolescents. Significant linkage was found on chromosomes 1, 9, 17 and 18, replicating previous linkage findings for obesity-related phenotypes in other populations of adults and children. Under the regions on chromosomes 1, 9 and 17, strong candidate genes were proposed. A novel uncharacterized gene likely underlies the QTL effect observed on 18p. These chromosomal regions warrant further investigation to uncover the genetic influences on energy metabolism in Hispanic children and adolescents.
